to ammonia and glutamate in a glutaminase domain or subunit. Labile ammonia is channeled through an internal tunnel to a second catalytic domain or subunit, where a specific acceptor substrate is subject to nucleophilic attack by ammonia [1]. Tunnels between physically sepaBarnali N. Chaudhuri, 1,4 Stephanie C. Lange, 
clase domain (residues 239-552) (Figures 2 and 3 ). The prefixes "h" and "f" designate elements of secondary structure in the N-and C-terminal domains, respectively, with reference to the HisH and HisF subunits of bacterial IGPS. Although crystals of IGPS have two molecules in the asymmetric unit, the protein is a monomer in the crystal structure, consistent with experimental findings that IGPS is a monomer in solution [10] . The two molecules are essentially identical, having an rmsd of 0.25 Å for 533 equivalent C␣ atoms.
The first three residues (Gly-3, Ser-2, and His-1), which remain after thrombin cleavage of polyhistidine-tagged IGPS, form a square-planar complex with Ni ϩ2 . The planar Ni ϩ2 complex is part of a crystal lattice contact that also involves four to five interprotein hydrogen bonds. This structural feature explains why IGPS crystals could N-terminal pentapeptides (Gly-Ser-His-Met-Pro-) are oriented differently in the two independent IGPS molecules due to small differences in crystal packing. peptides, the glutaminase (HisH) subunit and the cyclase (HisF) subunit [7] . In fungi and plants, the two domains are fused into a single, 60 kDa polypeptide Glutaminase Domain and Its Active Site with the glutaminase domain at the N terminus [9, 10] . [11] , carbamoyl phosphate synthetase lel ␤ sheet, flanked by ␣ helices, ␤ strands, and irregular (CPS) [2], and anthranilate synthase (AS) [12] . The name loops (Figures 2 and 3) . The active site is in a cleft on "triad" refers to a conserved catalytic triad motif (Cysthe C-terminal edge of the central ␤ sheet and faces the His-Glu), which is organized similarly to the catalytic domain interface. The catalytic triad (Cys83, His193, and triad of cysteinyl proteases [11] . However, the triad amiGlu195) is at the ends of adjacent ␤ strands in the central dotransferase fold is unique in the structural database, sheet (h␤4 and h␤11) and is arranged similarly to the unrelated to other hydrolytic enzymes. Sequence iden-
The N-terminal glutaminase domain of IGPS is similar The glutaminase domain of IGPS belongs to the triad to other glutaminase domains of the triad amidotransferfamily, one of at least three families among the glutamine ase family, namely GMPS, CPS, and AS (Table 1). The amidotransferases [1]. Structures have been reported for three other members of the triad family: GMP synthefold is built around a central, open, twisted, mostly paraltase (GMPS)

Cys-His-Glu triads of GMPS, CPS, and AS (Figure 4). In tity is low among the triad amidotransferases (10%-
IGPS, the S␥ atom of Cys83 is within hydrogen bonding 25%) despite strong structural conservation. distance of the imidazolium nitrogen of His193 and the The NH 3 -acceptor site resides in the C-terminal docarbonyl oxygen of Gly49 from the adjacent ␤ strand main of fungal IGPS. ImGP synthesis involves steps of (h␤3; Figure 5 ). As in the other triad amidotransferases, NH 3 -dependent C-N ligase, C-N lyase, and C-N cycloliCys83 occurs in a "nucleophile elbow" motif, marked gase, the order and mechanism of which are not fully by the fingerprint sequence -Gly-X-Cys-X-Gly-, and it established [7, 13, 14] . The cyclase domain alone can has a backbone conformation in the forbidden region catalyze ImGP production from NH 3 in the reaction meof the Ramachandran plot (φ ϭ 58Њ, ϭ Ϫ110Њ). In this dium, albeit less efficiently than in the glutamine-depenrespect, the triad amidotransferases are similar to the ␣/␤ dent reaction [7] . Recently the cyclase domain was hydrolases [17] although the overall topology and order shown to be a (␤/␣) 8 barrel in the crystal structure of the of catalytic residues differ in the two protein families.
HisF subunit of IGPS from the thermophilic bacterium
The glutaminase active site resides in an interdomain Thermotoga maritima [15] . Sequence similarity and cavity that is inaccessible to bulk solvent in the crystal structural resemblance suggest an ancient gene duplistructure. The surface of this cavity is polar and lined cation of half-barrels to form the whole barrel [15, 16] .
with a number of conserved residues from both doHere, we present the 2.1 Å crystal structure of intact mains. The glutamine binding site is defined by electron IGPS from Saccharomyces cerevisiae. The glutaminase density for a covalent adduct at nucleophilic Cys83 (Figdomain is inactivated by acivicin (Figure 1a) , a glutamine ure 4), the product of enzyme inactivation by the glutaanalog and a potent chemotheraputic agent [13] . The mine analog acivicin (Figure 1a) . Positions of the ␣-NH 3 ϩ structure of IGPS shows an unprecedented use of the and ␣-COO Ϫ groups of the adduct are well defined by (␤/␣) 8 barrel as an ammonia tunnel joining the glutamidensity and within hydrogen bonding distance of connase and cyclase active sites. Mechanisms of substrate served residues in the cavity (Gly51, Gln87, Glu95, channeling and interdomain signaling are discussed in Ser148, Phe149, and Gln397; Figures 4-6 ). An important the context of the intact enzyme structure.
feature of glutamine specificity is the hydrogen bond to Gln397, which is in the cyclase domain and may contribResults and Discussion ute to the signal from substrate binding in the cyclase active site. Most of the contacts conferring glutamine Description of the Structure specificity in IGPS are similar to those found in CPS. IGPS is composed of two domains, an N-terminal glutaminase domain (residues 1-235) and a C-terminal cyHowever, the orientation of the glutamine analog in the (Figures 1 and 4; [13] ), important elements of glutamine specificity in the active site are toward the active site. We observed no electron density for either adduct or water in the presumed oxyanion revealed by the complex.
An "oxyanion hole," which stabilizes the negative hole of any IGPS crystal. The unexpected conformation of the oxyanion strand was confirmed in a simulatedcharge during the hydrolytic reaction, is a recurring feature among enzymes with catalytic triads. In triad amidoannealing omit map [20] and was also shown not to result from the acivicin adduct at Cys83 (data not transferases, two amide nitrogens comprise the canonical oxyanion hole, one from the residue immediately shown). Two possibilities may account for the observed conformation of the oxyanion strand. First, the oxyanion following the nucleophile (Val84) and the second from an adjacent ␤ strand (residues 44-51, h␤3, henceforth may be stabilized by interaction with only the NH of Val84 and the helix dipole. Alternatively, an oxyanion referred to as "oxyanion strand") ( Figure 5 ). The helix dipole beginning at Val84 (h␣4) may also stabilize the hole may form only when the glutaminase domain is activated by PRFAR binding to the cyclase domain. In oxyanion. In GMPS, CPS, and AS, the oxyanion strand includes the highly conserved sequence Ser48-Xaa49-this regard, a hydrogen bond between the NH of Asn52 at the end of the oxyanion strand and the CϭO of Ala393 Gly50 (IGPS numbering), in which the NH of Gly50 points into the catalytic site and is part of the oxyanion hole.
in the cyclase domain may be important ( Figure 6 ). Figures 6 and 8) . Arg239, Glu293, Lys360, between domains may affect catalytic regions of the glutaminase domain: NH of Asn52 in the oxyanion strand and Glu465 are contributed by the N termini of strands f␤1, f␤3, f␤4, and f␤6, respectively. These residues cre-(residues 44-51) to Ala393 CϭO, and NH of Gly198 near the catalytic triad (His193 and Glu195) to Phe324 CϭO. ate a barrier to NH 3 (radius ‫4.1ف‬ Å ). We call this network a "charge gate" in the NH 3 passageway. Two ␣ helices in the cyclase barrel are oriented for favorable dipolar interactions with helices in the glutaminase The NH 3 Freeway: Chamber II Chamber II of the proposed NH 3 channel is hydrophobic domain: f␣3 with h␣1 and f␣4 with h␣2. The Asn52-Ala393 hydrogen bond is part of the latter dipolar interaction and is formed by four layers of inward-pointing side chains on the ␤ strands of the (␤/␣) 8 barrel (Figure 8 ). (Figure 6 ).
The peptide linking the catalytic domains of IGPS is The first layer is formed by the invariant residues of the charge gate. The surface of chamber II is formed by highly conserved (Leu236-Thr/Ala237-Arg/Lys238) and makes several hydrophobic contacts and hydrogen small, aliphatic side chains that are conserved in size and character (Ile241, Thr328, Val400, Ile497, and Ala519 bonds with both domains. Likewise, conserved residues in the adjacent C-terminal peptide interact specifically in layer two and Thr295, Ser362, Leu467, and Leu521 in layer three). The few polar side chains in these layers with both domains. Hydrogen bonds and hydrophobic 5 ). In addition, glutamine-specificity elements (Gln397 and the h␤7-h␤8 ␤ ribbon) will move rectly to the glutamine substrate through the backbone hydrogen bonds of Ser148 and Phe149 (Figure 4) . The closer to the catalytic triad and oxyanion hole so that when glutamine is bound, its amide is adjacent to Cys83 glutaminase oxyanion strand is linked to the cyclase domain by a backbone hydrogen bond from Asn52 to with the carbonyl oxygen in the oxyanion hole. Another important result of signaling between the caAla393. Several experimental results show that the domain interface is critical to IGPS function. Residues in talytic domains must be the opening of the buried charge gate to admit NH 3 to the hydrophobic tunnel and the the interface are highly conserved among IGPS sequences. Mutagenesis of the domain interface region cyclase active site at the top of the barrel. The strength of a salt link in a protein is specific to its environment, of the E. coli IGPS cyclase subunit affected glutaminase activity in the holoenzyme [8] . Engineered N-and being especially strong when buried in a hydrophobic environment such as the charge gate in the interior of C-terminal half-barrels of the T. maritima cyclase subunit formed a heterodimer that associated readily with IGPS. The need to maintain zero net charge in this environment and to sequester NH 3 argues against major the glutaminase subunit but had no glutamine-dependent catalytic activity [27] . reorganization of the charge gate. We note that rotation of the Lys360 side chain to form a hydrogen bond with We propose that PRFAR binding to the top of the cyclase barrel induces conformational changes in the the hydroxyl of Tyr144 would open the gate enough for NH 3 to pass while retaining electrostatic contact with glutaminase interface at the bottom, transmitted either through the side chains of ␤ strands in the barrel interior the charge gate ( Figure 6 ). Invariant Tyr144 is part of Å ) a, b, c (P2 1 2 1 2 1 
